The receptor type mediating the positive inotropic effect of histamine was examined in left atria from neonatal guinea pigs. The positive inotropic effect of histamine, as well as its action potential prolonging effect, was antagonized by ranitidine, but not by chlorpheniramine or thiperamide. The positive inotropic effect was enhanced by isobutylmethylxantine. Receptor binding studies revealed the presence of both H 1 and H 2 receptor types. These results suggest that the positive inotropic effect of histamine in the neonatal guinea-pig atrium is mediated by H 2 receptors.
Histamine is present in high concentrations in the myocardium of most animal species including human, and its release and subsequent actions on the myocardium is considered to be of importance under certain pathological conditions such as arrhythmia and septic shock. [1] [2] [3] [4] Histamine is known to produce increase in sinus rate and ventricular automaticity, a decrease in atrio-ventricular conduction velocity, and an increase in myocardial contractility through its direct action on cardiomyocytes. In some cases, histamine influences myocardial contractility through release of transmitters from autonomic nerve terminals. 5, 6) The direct positive chronotropic and inotropic effects of histamine are principally mediated by activation of H 2 receptors and an increase in intracellular cAMP production, mechanisms analogous to that for b-adrenergic stimulation. However, there seems to be some variation in the type of receptors mediating the positive inotropic effect among animal species, region of the heart, as are often observed with other biologically active substances. 7, 8) In case of the adult guinea-pig left atria, histamine shows a positive inotropic effect; this effect was shown to be mediated by H 1 receptors and to be accompanied by prolongation of the action potential. [9] [10] [11] [12] The sensitivity to histamine of the left atria was reported to be low in the neonate and to be increased during postnatal development, 13) but whether there are any changes in the mechanisms involved has not yet been clarified. In the present study, we intended to clarify the receptor type involved in the positive inotropic effect of histamine on neonatal atria with contractile force experiments, action potential measurements, and receptor binding assay.
MATERIALS AND METHODS
Experiments with Isolated Guinea-Pig Atria All experiments were approved by the Ethics Committee of Toho University, and were performed in accordance with the "Guiding Principles for the Care and Use of Laboratory Animals" approved by the Japanese Pharmacological Society. The left atria were isolated from neonatal (0 to 1 d old) guinea pigs and measurement of the action potential with standard glass microelectrode techniques and measurement of contractile force were performed as described. 14, 15) Briefly, the left atria were placed horizontally in 20 ml organ bath and driven at 1 Hz by field stimulation. Contractile force was measured with an isometric transducer (TB-611T, Nihon Kohden, Tokyo, Japan) connected to a minipolygraph (RM-6100, Nihon Kohden, Tokyo, Japan). Action potentials were recorded with glass microelectrodes connected to a microelectrode amplifier (MEZ-7101, Nihon Kohden, Tokyo, Japan), fed into an AD converter (Analog Pro, Canopus, Kobe, Japan) and digitally analyzed (Analy X, Sawada & Hirano, Tsukuba, Japan).
Preparation of Microsomal Fractions
The atria removed from neonatal (0 to 1 d old) guinea-pigs were minced with scissors and homogenized with a Potter-Elveheim homogenizer in 20 volume of 0.25 M sucrose containing 10 mM tris(hydroxymethyl)aminomethane-HCl (Tris-HCl; pH 7.4 at 4°C). The homogenate was centrifuged at 2500 g for 10 min and the supernatant was again centrifuged at 15000 g for 20 min. Centrifugation of this supernatant at 100000 g for 60 min resulted in a pellet that was suspended in 10 mM Tris-HCl at a concentration of 0.5 to 0.8 mg protein/ml and was used as the microsomal fraction.
Receptor Binding Assay The microsomal fraction was incubated with various concentrations of [ H]tiotidine in a total volume of 150 ml of incubation buffer (50 mM Tris-HCl, pH 7.4 at 37°C) for 60 min. The incubation mixture was filtered with Whatman GF/C glass-fiber filters. After the passage, the filters were dried and the radioactivity was measured in a toluene-based scintillator with a liquid scintillation spectrometer (LSC-900, Aloka, Tokyo, Japan). Non-specific binding was determined as radioactivity bound to the microsomal fraction that was not displaced by non-radioactive ligands (30 mM mepyramine or 10 mM cimetidine). Specific binding was obtained as the difference between total binding and non-specific binding. The maximum binding capacity (B max ) and the equilibrium dissociation constant (K d ) were calculated from Scatchard analysis of the saturation data.
Drug and Chemicals The drugs used were histamine di- Statistical Analysis All experimental data are expressed as meanϮstandard errors of the mean (S.E.M.). The statistical significance of differences between means was evaluated by the Dunnett's test for multiple comparisons. A value of pϽ0.05 was considered statistically significant.
RESULTS
In isolated neonatal guinea-pig left atria, histamine produced a concentration-dependent positive inotropic effect (Fig. 1A) ; the pD 2 value was 5.29Ϯ0.12 and the contractile force was increased to 253Ϯ19.1% of the initial value by 10 mM histamine (nϭ5). The H 2 receptor antagonist ranitidine produced a rightward shift of the concentration-response relationship of histamine. The pD 2 value in the presence of 10 mM ranitidine was 3.81Ϯ0.19 (nϭ5) and the calculated pA 2 value was 6.46. In contrast, neither the H 1 antagonist chlorpheniramine nor the H 3 receptor antagonist thioperamide affected the concentration-response relationship; pD 2 values in the presence of 0.3 mM chlorpheniramine and 1 mM thiperamide were 5.04Ϯ0.05 and 5.36Ϯ0.12, respectively. The phosphodiesterase inhibitor isobutylmethylxantine (IBMX) enhanced the inotropic response to histamine (Fig. 1B) .
Histamine prolonged the action potential duration (Fig.  2Aa) . The action potential duration at 90% repolarization (APD 90 ) in the absence and presence of 3 mM histamine was 81.6Ϯ3.7 ms and 101.0Ϯ3.3 ms, respectively (nϭ5). This prolongation of APD 90 by histamine was abolished by 10 mM ranitidine, but not by 0.3 mM chlorpheniramine or 1 mM thiperamide (Fig. 2B) .
Receptor binding assay with microsomal preparations from neonatal atria revealed the presence of binding sites for both the H 1 antagonist mepyramine and the H 2 receptor antagonist tiotidine. The maximum binding capacity (B max ) and dissociation constant (K d ) for mepyramine were 177.2Ϯ6.2 fmol/mg protein and 0.49Ϯ0.06, respectively (nϭ4), and those for tiotidine were 93.1Ϯ11.3 fmol/mg protein and 14.8Ϯ6.8, respectively (nϭ4).
DISCUSSION
The positive inotropic effect of histamine in neonatal guinea-pig left atria was antagonized by ranitidine (Fig. 1A) . The observed pA 2 value of 6.46 was close to the reported pA 2 value of ranitidine against H 2 receptors in human atria. 16) In contrast, neither the H 1 antagonist chlorpheniramine nor the H 3 receptor antagonist thioperamide affected the positive inotropic effect. These results indicate that the positive inotropic effect of histamine on neonatal left atria is mediated by H 2 receptors. It is generally known that stimulation of H 2 receptors induces physiological responses through increase in cAMP concentration. The present result that the histamine-induced positive inotropy was enhanced by IBMX (Fig.  1B) suggests that this is the case with neonatal guinea-pig left atria.
Histamine prolonged the action potential duration in neonatal left atria through stimulation of H 2 receptors (Fig.   2034 Vol. 33, No. 12 2). Such prolongation was also observed in adult left atria. The prolongation was mediated through H 1 receptors and inhibition of outward currents. 11, 12) As the action potential properties of the guinea pig myocardium changes during postnatal development, 14, 17) the ionic mechanisms, as well as the receptor type, for prolongation of the action potential by histamine may be different between the adult and neonatal left atria.
Receptor binding assay revealed the presence of both H 1 and H 2 receptors in the neonatal left atria. This means that, although two types of receptors are present, only the H 2 receptor is coupled to mechanisms leading to positive inotropy. In the adult left atria, both H 1 and H 2 receptors are present but only the H 1 receptor is coupled to positive inotropy. Thus, the receptors responsible for the histamine-induced inotropy change from H 2 to H 1 during postnatal development. Various properties in the excitation and contraction, as well as in the signal transduction mechanisms occur during myocardial development.
8) The intracellular mechanisms underlying the developmental shift from H 2 receptor-mediated to H 1 receptor-mediated inotropy in the guinea-pig left atria await further investigation. While it is established that H 2 receptor stimulation results in increased cAMP production, evidence both for 18) and against 19) the role of phosphoinositide hydrolysis in response to H 1 receptor stimulation has been reported. Clarification of the precise mechanisms for the H 1 receptormediated inotropy, as well as the developmental shift from H 2 to H 1 , would contribute to the understanding of signal transduction mechanisms. Diminution of H 2 receptor-mediated inotropy was also reported in the developing chick ventricular myocardium. 20) In conclusion, the present study revealed that the receptor type mediating the positive inotropy in the guinea-pig left atrial myocardium is converted from H 2 to H 1 during postnatal development. The present findings imply that the histamine-mediated mechanisms in the myocardium may change during postnatal development.
